Rice (Oryza sativa L.) is one of the most important food crops in the world, and the rice blast disease caused by the fungal pathogen Magnaporthe grisea (Hebert) Barr is one of the most damaging diseases of rice (33) . Rice blast disease follows a classical gene-for-gene system (25, 29) , in which a pathogen strain expressing an avirulence (AVR) gene triggers the corresponding resistance (R) gene-mediated defense response. Incorporation of individual R genes into existing rice cultivars has not achieved reliable, longlasting resistance to blast disease because of the high potential for AVR gene variation in the pathogen (29) . Pyramiding R genes for achieving effective blast control requires molecular markers for introducing diverse genes into agronomically useful cultivars by marker-assisted selection (MAS). Thus far, more than 20 major blast R genes and numerous quantitative trait loci have been identified, and many of these have been associated with molecular markers (9, 18, 24, 32) . The utility of MAS for pyramiding blast R genes has been demonstrated experimentally (9) .
Cloning R genes and determining the structural differences that confer resistance or susceptibility phenotypes (functional polymorphisms) provide the ideal molecular markers for introducing these genes into agronomically useful cultivars by MAS. Two of the major blast resistance genes, Pi-ta and Pi-b, have been cloned and characterized at the molecular level (3, 30) . Both genes encode a predicted cytoplasmic protein with a centrally located nucleotide binding site (NBS) and a carboxyl terminal leucine-rich repeat (LRR) region. Pi-b is a member of a small gene family, with tightly linked homologs occurring at a complex locus (30) . Pi-ta is located near the centromere on rice chromosome 12, a region reported to include the closely linked or allelic Pi-ta 2 gene, as well as Pi-4a(t), , , and others (5, 20, 24, 32) . Cloning of Pi-ta identified a simple, single-copy R gene locus with no gene candidates for Pi-ta 2 or the other linked R genes (3). Characterization of the Pi-ta allele in a series of resistant and susceptible cultivars identified a functional polymorphism in the coding sequence; that is, forms of the Pi-ta protein with alanine as amino acid residue 918 are functionally resistant and forms of the pi-ta protein with serine at residue 918 confer susceptibility. Longer term, understanding the molecular mechanisms underpinning R gene-mediated resistance holds promise for novel strategies for developing durably resistant crops. Rice together with the blast fungus have become a model genetic system for understanding cereal-fungal pathosystems, because both are amenable to genetic analysis and whole genome sequences are publicly available for both rice (31; online, Rice GD of the Beijing Genomics Institute) and the blast fungus (online, Magnaporthe grisea Database of the Whitehead Institute Center for Genome Research). Pi-ta is currently unique among cloned cereal R genes in that its corresponding AVR gene, AVR-Pita, has been cloned and characterized as a putative neutral zinc metalloprotease (23) . Current evidence suggests that the predicted mature AVR-Pita metalloprotease triggers hypersensitive resistance in rice by binding to the Pi-ta C-terminal LRR region, referred to as the Pi-ta leucine-rich domain (LRD) because of the highly imperfect nature of the LRRs in Pi-ta (12) . Further understanding specifically how the interaction of AVR-Pita and Pi-ta triggers resistance is a high priority.
Just as a shorter-term benefit to cloning R genes is derived from tools to aid in R gene deployment, a shorter-term benefit to cloning the corresponding AVR gene is derived from understanding the AVR gene structure in the field pathogen population. DNA fingerprinting analyses provide a genealogical framework for the blast population, which is predominantly asexual, with sets of discrete lineages, i.e., genetic families descended from a common ancestor (6, 16, 33) . Different lineages show predictable differences in pathotype structure-some lineages are associated with a single pathotype and others show a relatively complex structure with multiple pathotypes. Interestingly, lineages show uniform avirulence toward some R gene or genes, raising the possibility that members of a given lineage may be limited in ability to modify AVR recog-nition corresponding to these R genes. For example, the SRL-1 lineage strains from the Colombian blast population uniformly contain avirulent alleles of AVR-Pita as determined by infection assays with Pi-ta differential cultivars Yashiro-mochi and K1 (14) , by AVR-Pita restriction fragment length polymorphism analysis, and by sequence analysis (22) . Lineage exclusion breeding strategies based on pyramiding of "lineage-specific" R genes, effective against all strains of a particular clonal population, may facilitate breeding durable resistance in rice (6, 16, 33) .
Katy and Drew are southern U.S. cultivars that have been used extensively as breeding parents for blast resistance (19) (20) (21) . 'Katy' was produced from a cross of 'Bonnet 73'/C19722/'Starbonnet'/'Tetep'/'Lebonnet' (19) . 'Drew', derived from a cross of 'Newbonnet' and 'Katy', is still grown over large acreage in the state of Arkansas (21) . 'Katy' has been proposed to contain the Pita 2 gene, or both Pi-ta and Pi-ta 2 (20) . There is one report that 'Katy' contains a tightly linked cluster of at least seven R genes that map in the same region as Pi-ta and Pi-ta 2 (5, 20) . Molecular confirmation of Pi-ta presence in 'Katy' and 'Drew' provides essential knowledge to facilitate pyramiding of this R gene into advanced Arkansas breeding lines.
The Latin American rice cultivars Cica 9 and El Paso 144 lack Pi-ta because they are uniformly susceptible to the SRL-1 family of blast lineages, which are characterized by avirulent alleles of AVR-Pita (6, 16, 22) . 'Cica 9' is an interesting case because it is broadly resistant to all Colombian lineages except SRL-1, and SRL-1 strains are the only ones recovered from lesions on 'Cica 9' in the field. This suggests that 'Cica 9' contains many R genes but not Pi-ta (6, 16) . El Paso 144 and related tropical indica cultivars have been widely grown in the southern cone region of South America. In the field, these cultivars are only infected by the indigenous SRL-1-related lineages that also contain AVR-Pita, and these lineages cause devastating blast disease on these cultivars in the absence of fungicide treatment (M. Levy, A. Livore, and S. Avila, personal communication). Cica 9 and El Paso 144 are two rice cultivars in which incorporation of Pi-ta, along with their current complement of R genes, would immediately impact resistance in the field.
Analysis of the natural structural range of resistance and susceptibility alleles of R genes will not only benefit plant breeders in confirming the presence of an R gene but will also provide insight into the molecular evolution of R genes (27, 28) . More than 30 R genes have been cloned and characterized, with many of these from the model plant system Arabidopsis thaliana (10) . Roughly two-thirds of the cloned genes occur at complex loci containing multiple family members, or paralogs (10), and the remaining R genes occur at simple loci composed of single genes. To date, only a few studies of natural allelic variation of R genes have been reported (2, 4, 10, 11, 26) . Comparisons of orthologous genes, genes from a common ancestor in different cultivars or species, have been made for the single-copy R gene loci Rpm1 and Rps2 in A. thaliana accessions and the closely related species Arabis lyrata (2) . Homologous alleles of many R genes can be found in the susceptible cultivars, with the exception that sequences homologous to Rpm1 are not present in some closely related ecotypes of A. thaliana (2, 8, 26) . Interestingly, resistance alleles of Rps2 are relatively conserved, whereas susceptibility alleles are widely divergent (4) .
In this study, we investigated genomic DNA polymorphisms between the indica Pi-ta allele in cultivar Yashiro-mochi and a susceptibility japonica allele. We sequenced the Pi-ta alleles from the additional rice cultivars Katy, Drew, Cica 9, El Paso 144, IR64, and Oryzica Llanos 5. These latter two cultivars are considered to possess durable blast resistance, but little is known of their R gene compositions. We verified resistance or susceptibility phenotypes with infection assays by using isogenic fungal strains that differ only in the presence or absence of AVR-Pita. Each of these new rice cultivars contains a single Pi-ta ortholog. Relatively low levels of sequence diversity were found, even between the genes from indica and japonica rices. The resistance Pi-ta allele has been confirmed in cultivars Katy and Drew. Cultivars Cica 9 and El Paso 144 identify a third susceptibility pi-ta haplotype. The functional polymorphism at amino acid 918 continues to differentiate resistant and susceptible cultivars. Understanding the natural polymorphism at the Pi-ta locus is required for designing primers for MAS to facilitate deploying this gene into advanced breeding lines.
MATERIALS AND METHODS
Rice cultivars, fungal strains, and pathogenicity assays. Japanese differential cultivars (14) Yashiro-mochi (Pi-ta/Pi-ta) and Tsuyuake (pi-ta/pi-ta) were obtained from Hajime Kato (currently at Kwansei Gakuin University, Kobe, Japan). 'Yashiro-mochi' was the source of the cloned Pi-ta gene (3), and 'Tsuyuake' contains a japonica susceptibility pi-ta allele. 'Yashiro-mochi' and 'Tsuyuake' were parents of a doubled haploid rice population produced by Zaida Lentini, Cesar Martinez, and Joe Tohme at Centro Internacional de Agricultura Tropical (CIAT, Cali, Colombia), including lines YT14 (Pi-ta/Pi-ta), YT16 (pi-ta/pi-ta), and YT171 (Pi-ta/Pi-ta) (3 Infection assays were performed as described (3) . Briefly, plants were spray-inoculated with 5 × 10 4 spores per ml, incubated at room temperature and in low light within plastic bags for 24 h to maintain high humidity, and then transferred to a plant growth chamber. Humidity in the growth chamber was maintained between 70 and 85% to prevent sporulation and subsequent reinfection of susceptible plants. Disease ratings were taken 7 days postinoculation. Infection assays to confirm the presence or absence of a resistance Pi-ta allele used the avirulent Chinese field isolate O-137 (AVR-Pita) and a spontaneous virulent mutant CP3337 (avr-pita -) derived from O-137 in laboratory studies as described (3) . A Colombian rice pathogen (lineage SRL-1, #13017) obtained from Dr. Morris Levy (Purdue University) was used in some assays. This strain was isolated from cultivar Cica 9 in the field and contains an avirulent AVR-Pita allele (22) .
Construction and screening of a 'Tsuyuake' genomic library. If not specifically described, standard methods were used for library screening, DNA isolation, restriction enzyme digests, DNA blotting, and DNA blot hybridization (1). Hybridization was performed with radio-labeled (1 to 2 × 10 6 cpm/µg) random hexamerlabeled polymerase chain reaction (PCR) products (7) amplified from plasmid clones. Blots were washed at 65°C in 0.1× SSPE (1× SSPE is 0.15 M NaCl, 10 mM sodium phosphate, and 1 mM EDTA, pH 7.4) with 0.1% sodium dodecyl sulfate (SDS).
Rice genomic DNA was isolated from cultivar Tsuyuake (pi-ta/ pi-ta) by using the following procedure. Three grams of leaf tissue was ground in liquid nitrogen and mixed with 5 ml of extraction buffer (7 M urea; 0.35 M Tris, pH 8.0; 0.05 M EDTA, pH 8; 1% Sarkosyl) and incubated at 37°C for 15 min. Five milliliters of phenol/chloroform/isoamyl alcohol (25:24:1) was added and the suspension was cleared by centrifugation. One volume of isopropanol and 1 /10 volume of 3 M NaOAc (pH 5.2) were added to the supernatant. DNA was collected by high-speed centrifugation.
A 'Tsuyuake' genomic library was constructed in the lambda ZAPII vector (Stratagene, La Jolla, CA), which allows one to avoid lambda DNA purification by in vivo excision of plasmid clones from the lambda vector. To construct this library, genomic DNA was digested with 1 unit of restriction endonuclease Tsp509I (New England Biolabs, Beverly, MA) at 0 s, 30 s, 1 min, 2 min, 3 min, and 1 h to determine an appropriate incubation time for partial digestion. Incubation times of 1 min, 2 min, and 3 min were selected for partial digestion following visualization on an ethidium bromide-stained agarose gel. DNA fragments ranging from 7 to 10 kilobases (kb) were purified from agarose gels by using a Qiagen extraction kit (Qiagen, Valencia, CA), following the manufacturer's protocol, and ligated to a predigested lambda ZAPII vector (Stratagene) with highly concentrated DNA ligase (Life Technologies Inc., Rockville, MD). The ligated mixture was packaged by using the Gigapack III Gold packaging extract (Stratagene), and the resulting library was amplified and screened according to the manufacturer's recommendation.
DNA probes and primers. Genomic sequence of the resistance Pi-ta allele (GenBank accession no. AF207842) contains 2,425 base pairs (bp) of native promoter sequence, the 2,784-nucleotide Pi-ta coding sequence interrupted by a 1,463-bp intron, and 252 bp of 3 untranslated sequence (3). With pCB1641 (3) as a template for PCR, oligonucleotides F8-5 (5-TCCTCAGAGGCGATCTCC-3) and F12-5 (5-CGAACGGCGCATCCAACC-3) were used to amplify a DNA fragment comprising nucleotides 2,571 to 3,210 of the GenBank Pi-ta sequence (nucleotides 1,401 to 2,040 from the insert in pCB1641). The amplified fragment encodes amino acids 50 to 262 near the amino terminus of the Pi-ta protein. The resulting PCR fragment was purified by using a Qiagen kit for labeling. The probe for the 3 region was a 1.1-kb EcoRI/SalI DNA fragment purified from plasmid pCB1645 encoding the C-terminal LRD comprising amino acids 586 to 928 (3, 12) . The hybridization probe for screening the 'Tsuyuake' genomic library to isolate pi-ta was obtained from pCB1641 by digestion with restriction endonuclease BamHI. Resulting 2.5-and 4.5-kb fragments containing the Pi-ta genomic region were purified for use as probes. The gene fragment encoding LRD was identified in clones from the 'Tsuyuake' genomic library by using the primers GB47 (5-AATGC-AGAATTCACAACACCACTAGCAGGTTTG-3) and GB46 (5-CATTAAAGTCGACCTCAAACAATCAAGTCAGGT-3), containing EcoRI and SalI sites, respectively (underlined), used for subcloning this fragment into pCB1645 (3) .
DNA sequence analysis. Genomic DNAs were purified from additional rice cultivars by essentially the same procedure described for 'Tsuyuake' above. The coding regions of additional Pi-ta genes were determined by sequencing PCR products, which had been amplified by using genomic DNA as a template and purified by using a Qiagen labeling kit according to manufacturer's directions. The primers used for sequencing are listed in Table 1 . DNA sequences were determined from double-stranded plasmid DNA by using an ABI 377 sequencer (Applied Biosystems, Foster City, CA). The DNA sequence was analyzed by using the Vector NTI suite (InforMax, North Bethesda, MD). Alignments with other DNA sequences were performed by using Vector NTI align X.
RESULTS
Pi-ta is a single-copy gene in diverse rice cultivars. The Pi-ta gene was previously mapped near the centromere of chromosome 12, isolated by positional cloning and verified by genetic complementation via stable rice transformation (3) . DNA gel blot analysis by using the DNA probe encoding the amino terminal portion of the Pi-ta protein identified single bands against a general smear 
5-GCGACCAAGTGTTCCAACCC-3 of background hybridization (Fig. 1A) . This suggests the presence of a large number of related DNA sequences in the genome in both resistant and susceptible rice lines. The DNA blot was then stripped to remove the hybridization signals and probed with the 3 DNA fragment encoding the Pi-ta LRD region (Fig. 1B) . Only one hybridization band appeared after digestion with EcoRI and BamHI, which is consistent with the lack of these restriction sites in the DNA fragment used as the probe. EcoRV, which cleaves the probe fragment once, produced two homologous bands, as expected for a single-copy gene. DNA gel blot analysis with the 3 probe identified a single Pi-ta band in diverse rice cultivars (Fig.  2) . Thus, both Pi-ta and pi-ta appear to be single-copy genes in all of these rice cultivars. The only polymorphisms detected by these analyses occurred between indica and japonica alleles ( Figs.  1 and 2 ).
Cloning and analysis of a susceptibility pi-ta homolog from japonica rice. Eight lambda clones from a library of 'Tsuyuake' genomic DNA hybridized to the full-length insert of the Pi-ta gene. A DNA fragment approximately 1 kb in length was amplified from six of the eight lambda lysates by using DNA primers GB46 and GB47, suggesting that they are DNA fragments corresponding to the 3 end of the coding region of the Pi-ta gene. No amplification was observed from the lambda lysates lT2-1 and lT2-9, suggesting that they contain a different region of the Pi-ta gene (Fig. 3A) . To confirm this, in vivo excision was performed to obtain plasmid clones corresponding to each lambda lysate. All plasmid DNA was isolated and digested with the restriction enzyme EcoRI. Digested DNA was separated by gel electrophoresis, stained with ethidium bromide, and visualized with ultraviolet light (Fig. 3B, left) . The gel was then blotted and probed with a radioactively labeled probe from the 5 translation start region. Blot analysis and sequencing confirmed that the inserts in plasmids T2-2 and T2-9 overlap by 600 bp in the middle of the pi-ta gene and contain the largest stretch of flanking sequences at the pi-ta locus (Fig. 3C) .
The T2-2 and T2-9 plasmid inserts were sequenced to produce a 5,113-bp DNA sequence. Similar to the dominant Pi-ta allele, pita encodes an open reading frame (ORF) interrupted by a similarly sized intron and predicted to encode a protein with 928 amino acids (Fig. 4) . The ATG that initiates this ORF occurs
sequence of the japonica pi-ta gene is 99.6% identical to Pi-ta. The intron in the pi-ta gene is 99.3% identical to the intron in Pi-ta ( Fig. 4; Table 2 ). A single nucleotide difference was identified in both the 5 leader region and the 3 noncoding regions ( Table 2 ). The pi-ta and Pi-ta genes differ by five nucleotide substitutions (all transversions) in the first exon and two nucleotide substitutions (one transition and one transversion) in the second exon. Thus, the most conserved region of the gene is the second exon, which encodes the LRD.
The Pi-ta and pi-ta coding sequences differ by five nonsynonymous changes resulting in amino acid differences and two synonymous nucleotide changes not resulting in amino acid substitutions ( Fig. 5; Table 2 ). Pi-ta and pi-ta encode putative cytoplasmic proteins with four amino acid differences located in the NH 2 terminus, with an identical NBS region, and with a single amino acid substitution in the LRD at the carboxyl terminus. Fig. 2 . DNA gel blot analysis of the Pi-ta locus from diverse rice cultivars. Genomic DNAs (4 µg per lane) were digested with indicated restriction enzymes. Samples were separated by electrophoresis in 0.7% agarose gels, blotted onto Hybond N + membrane, and hybridized with the radio-labeled probe from the 3 region of the Pi-ta coding sequence (3). Rice cultivars from the left are Yashiro-mochi, Tsuyuake, C101A51, Cica 9, IR64, and Oryzica Llanos 5, lanes 1 to 6, respectively. The japonica cultivar Yashiro-mochi obtained its Pi-ta gene from an indica source and japonica cultivar Tsuyuake contains the japonica pi-ta allele. All other cultivars are indica. Cultivars Yashiro-mochi, Tsuyuake, C101A51, and Cica 9 each represent one of the four Pi-ta haplotypes identified by sequence analysis. Extra spots in lanes 5 and 6 of the EcoRI digest and lanes 1 and 2 of the BamHI digest result from background noise in this particular autoradiograph. Kpb = kilobase pairs. Purified lambda lysates were amplified by polymerase chain reaction with 3 Pi-ta gene-specific primers. pCB1641 contains the Pi-ta gene (3) and was used as a positive control; the lambda vector was used as a negative control. Lambda lysates T2-2, T2-5, T2-6, T2-7, T2-11, and T2-14 contained sequences corresponding to the 3 region of Pi-ta. B, Identification of a plasmid clone that contains the 5 region of the Pi-ta gene. Plasmid DNA was digested with EcoRI, separated by agarose gel electrophoresis, and visualized by ethidium bromide staining (right). The gel was blotted onto Hybond N + membrane and hybridized with the radio-labeled DNA fragment from the 5 region of the Pi-ta coding sequence (the same probe as in Fig. 1B) . Plasmid pCB1641 was used as a positive control. C, Overlapping plasmid clones spanning the pi-ta region. Kpb = kilobase pairs.
Sequence analyses and pathogenicity testing of additional
Pi-ta alleles. Sequencing of Pi-ta from resistant rice cultivars Katy and Drew identified alleles identical to Pi-ta from 'Yashiromochi'. The susceptibility pi-ta coding sequence from indica cultivar C101A51 differs by two nucleotides from the 'Yashiro-mochi' coding sequence, a synonymous change at nucleotide 384 and a nonsynonymous change at nucleotide 2,752 (Table 3) . Sequencing of pi-ta from susceptible indica rice cultivars Cica 9 and El Paso 144 identified an additional susceptibility allele, which differs from the 'C101A51' allele by including the nonsynonymous substitution at nucleotide 17. A blast search of the publicly available rice genome sequence of the Chinese indica cultivar 93-11 (31), deposited with the Beijing Genomics Institute (Rice GD), identified a sequence identical to the susceptibility pi-ta allele in 'Cica 9' and 'El Paso 144'. Sequencing the alleles in the durably resistant cultivars IR64 and Oryzica Llanos 5 gave both alternative nucleotides at positions 17, 384, and 2,752, indicating the presence of both resistance and susceptibility alleles, probably because of seed mixtures. No new changes were identified from sequencing new Pi-ta alleles. The nucleotide substitutions corresponding to susceptibility indica alleles are a subset of those previously identified in the japonica allele.
Pathogenicity tests were performed using rice pathogens with an AVR-Pita or an avr-pita allele in order to confirm Pi-ta specificity (Table 4) . Strain O-137 contains an avirulence allele of AVR-Pita, while strain CP3337 is an isogenic virulent mutant derived from O-137. In the absence of interfering R genes, the pattern of resistance to avirulent strain O-137 and susceptibility to its isogenic virulent mutant CP3337 can define the presence of Pi-ta. For example, rice cultivars Yashiro-mochi, Katy, Drew, and IR64 are shown to contain Pi-ta because they are resistant to O-137 but susceptible to CP3337. In contrast, rice cultivars C101A51, El Paso 144, and YT16 are susceptible to both strains. Pathogenicity tests with O-137 and CP3337 give no information on the presence of Pi-ta in 'Cica 9' or 'Oryzica Llanos 5'. The resistance reaction with both O-137 and CP3337 indicate that some other R gene is masking the gained virulence phenotype associated with mutant CP3337. The presence of the susceptibility pi-ta allele in 'Cica 9' was confirmed in infection assays with the avirulent Colombian SRL-1 strain (data not shown). Oryzica Llanos 5, however, is a highly resistant cultivar and is not susceptible to any of these strains. Seed from the sequenced Chinese indica cultivar 93-11 was not available for pathogenicity assays.
DISCUSSION
Each polymorphism differentiating susceptibility and resistance alleles provides an opportunity for developing reliable molecular markers for incorporating Pi-ta into advanced breeding lines. Particularly valuable are functional polymorphisms that are directly responsible for the resistance or susceptibility phenotypes. This study further strengthens our previous report (3) of a functional polymorphism at Pi-ta nucleotide 2,752, which results in an alanine at amino acid 918 in the resistance Pi-ta protein or a serine at this location in the susceptibility pi-ta protein. DNA markers that identify this functional polymorphism eliminate the potential for recombination associated with conventional linked molecular markers.
The Pi-ta and Pi-ta 2 genes commonly used in rice breeding programs worldwide have originated from several traditional indica cultivars, including Tetep from Vietnam and Tadukan from the Philippines. The Pi-ta gene from 'Yashiro-mochi' was derived from an upland rice cultivar, Okaine (24) . Resistance alleles from all three sources are identical. The Pi-ta alleles in 'Katy' and 'Drew' were derived from 'Tetep' (19) (20) (21) , and they encode proteins identical to all other resistance Pi-ta proteins (3). Genome sequence from the japonica susceptibility pi-ta allele identified seven nucleotide differences relative to the indica Pi-ta coding sequence. Susceptibility alleles from indica cultivars contain a subset of these differences. Cultivars Cica 9 and El Paso 144 contain a new susceptibility allele, which has a nonsynonymous change at nucleotide 17 in addition to the substitutions at nucleotides 384 The numbers above Pi-ta and below pi-ta are the nucleotide numbers corresponding to the Pi-ta genomic sequence in GenBank (accession no. AF207842). Comparisons for calculation of identity percentages were determined by using the Vector NTI suite. The genomic nucleotide sequence of the japonica pi-ta gene has been submitted to GenBank as accession no. AY196754. and 2,752 in the previously reported 'C101A51' susceptibility allele. We have not yet clarified the anomalous sequencing results suggesting that 'IR64' and 'Oryzica Llanos 5' contain both resistance and susceptibility alleles. Since the genomic DNAs used in the PCR sequencing analysis were produced from multiple plants of each cultivar, the most likely explanation for this is impure seed. Still, this analysis tells us that the 'IR64' and 'Oryzica Llanos 5' Pi-ta genes do not contain novel amino acid substitutions relative to other sequenced genes.
As originally recognized in the 1970s by Kiyosawa (13) , pathogenicity assays with avirulent field isolates and virulent mutants obtained from these strains are more informative than are assays with the avirulent strain alone. Resistance to the avirulent strain and susceptibility to its corresponding virulent mutant identifies the corresponding R gene in a particular rice cultivar. Our pathogenicity testing was performed using a Chinese field isolate O-137 with AVR-Pita and an isogenic laboratory mutant CP3337 with a virulence pi-ta allele. Infection assays confirm the occurrence of Pi-ta in cultivars Katy, Drew, and IR64, and they confirm the susceptibility allele in cultivars El Paso 144 and C101A51. Infection with these strains failed to determine whether cultivars Cica 9 and Oryzica Llanos 5 contain resistance or susceptibility alleles of Pi-ta, because the avr-pita mutant CP3337 remains avirulent on these cultivars. Strains O-137 and CP3337 apparently contain at least one additional AVR gene corresponding to another R gene in each of these cultivars. Among the 13 AVR genes identified by the Japanese differential rice cultivars (14) , O-137 contains only AVR-Pi-z t in addition to AVR-Pita (B. Valent, unpub- lished data). Thus, we have found these strains to be generally useful for detecting Pi-ta in the presence of many other R genes. However, even relatively well-characterized M. grisea strains can be expected to contain additional AVR genes that mask identification of a particular R gene in the cultivar of interest. Molecular cloning and characterization of more AVR genes corresponding to agronomically valuable R genes would provide valuable tools for defining R gene composition in donor rice cultivars.
We previously reported that Pi-ta 2 -containing rice cultivars, such as Reiho, uniformly contain Pi-ta as well as a second R gene identified by a second AVR-vir mutant pair of strains lacking AVRPita homology altogether (3). Interestingly, 'Katy' and 'Drew', which are both reported to contain Pi-ta 2 (20) , each contain this same additional R gene identified in Pi-ta 2 cultivars studied previously (3; B. Valent, unpublished data). Thus, our data continue to suggest that the Pi-ta 2 specificity spectrum results from action of at least two R genes.
R gene polymorphism is likely to be an important component of the large variation in plant species and their abilities to resist pathogens (2, 4, 10, 26) . Comprehensive studies of R genes that confer resistance in A. thaliana to the bacterial pathogen Pseudomonas syringae suggest that R genes have a wide range of evolutionary ages. Levels of nucleotide polymorphism at synonymous sites, or in noncoding regions, reflect the ages of alleles. In general, synonymous nucleotide substitutions (Ks) that do not alter the protein product accumulate to a greater extent in protein coding sequences than do nonsynonymous substitutions (Ka) that alter the protein product. Therefore, ratios of Ka>Ks may provide evidence for positive selection for amino acid divergence. Detailed analyses have been reported for Rps2 and Rpm1 and their orthologs from different Arabidopsis ecotypes or species. Some closely related Arabidopsis ecotypes did not contain orthologs of the Rpm1 gene (8) . Sequence analysis of the junction region flanking the Rpm1 deletion revealed approximately 10% divergence between resistant and susceptible lineages, suggesting relatively ancient divergence of alleles that may have been maintained through a balancing selection mechanism (26) . This would suggest that Rpm1 is selectively deleterious to the plant such that the deletion of the R gene is advantageous in the absence of pathogen with the corresponding AVR gene (2) . Recently, Tian et al. (28) reported the first experimental evidence suggesting that a large cost of RPM1 contributes to the maintenance of an ancient R gene polymorphism. A relatively high level of nucleotide polymorphisms (1.2%) was found at the Rps2 locus, with 19 synonymous changes, 16 amino acid replacements, and 1 nonsense mutation. Resistance alleles of Rps2 are more conserved in structure than are susceptibility alleles. It has been suggested that the Rps2 locus also contains old alleles that may be the product of balancing selection (4). In contrast, the two resistance and one susceptibility alleles examined for the Rps4 gene from A. thaliana contain relatively low levels of polymorphism (2), similar to Pi-ta. Allelic diversity at the Rps4 locus has not yet been extensively studied.
The study of DNA polymorphisms at the Pi-ta locus provides insight into the molecular evolution of the Pi-ta gene in response to populations of the agronomically important rice blast fungus. All rice cultivars tested have a Pi-ta ortholog, and only a few nucleotide polymorphisms occur between the resistance Pi-ta allele and susceptibility pi-ta alleles. The highest levels of sequence diversity (approximately 0.7%) occur in the intron (Fig. 4) . The rate of nucleotide polymorphism observed in the intron is consistent with the average diversity rates of 0.64% between indica and japonica rices (31) . The single nucleotide polymorphism (SNP) rates between the indica and japonica Pi-ta intron sequence is 0.55% (eight nucleotides in the 1,463-bp intron; Table 2 ) compared with an average SNP rate of 0.50%. The insertion-deletion polymorphism (InDel) rate in the intron is 0.14% (two nucleotides in the 1,463-bp intron; Table 2 ) compared with an average InDel rate of 0.14%. In contrast, the two Pi-ta exons exhibit 0.5 and 0.1% total polymorphisms, respectively. Different domains in a protein can be subject to differing degrees of divergent selection. Ka-to-Ks ratios can be considered separately for differences between the indica resistance allele and the japonica susceptibility allele in three distinct regions of the Pi-ta coding sequence. The N-terminal region has four nonsynonymous and one synonymous nucleotide substitution, the internal NBS region has no nucleotide substitutions, and the LRD region has one nonsynonymous and one synonymous substitution. Thus, it might be concluded that only the N-terminus encoding region of Pi-ta shows evidence of diversifying selection. Indeed, the background smear of hybridization seen in Southern analysis with the N-terminal Pi-ta probe suggests that there are multiple genes with related N-terminal sequences. Among other R genes characterized, only the flax rust L gene shows evidence for diversifying selection in the N-terminal domain (10) . Evidence for diversifying selection is generally evident in the C-terminal LRRs, which are believed to be involved in protein-protein interactions. Indeed, we have evidence suggesting that the Pi-ta LRD region is involved in proteinprotein interactions with its corresponding AVR-Pita avirulence protein (12) . However, this region of the Pi-ta protein contains only the functional polymorphism at amino acid 918. Thus, Pi-ta shows opposite patterns for diversifying selection relative to most other R genes (10) . High levels of conservation of gene structure might indicate DNA polymorphisms that were recently evolved, although the normal levels of diversity in the intron might argue against this. Alternatively, balancing selection may preserve relatively ancient alleles if each has faced strong selection for function.
Numerous observations suggest that R genes may not be advantageous to the organism in the absence of the pathogen. For example, rice cultivars in California have lost blast resistance genes (for example Pi-k h ) after years of breeding efforts in the absence of M. grisea (J. Oster, personal communication). The frequency of the corresponding AVR gene in the pathogen population determines the selective advantage of maintaining an R gene allele. The fact that pi-ta is also predicted to encode an NBS-LRR protein suggests that pi-ta may confer resistance to M. grisea pathotypes or other pathogens. Alternatively, the Pi-ta and pi-ta alleles may contain low levels of polymorphisms because they are involved in other physiological responses in rice, although alternative functions have not yet been described for any R gene (10) . Sequences related to Pi-ta discovered in rye, barley, and other grass species suggest that their functions are similar to the Pi-ta gene within and across species (3). However, biological functions for pi-ta and for Pi-ta orthologs in other crop species remain to be determined.
Blast resistance provided by 'Katy' or 'Drew' has been effective in the southern United States since their release, in spite of viru- lent M. grisea isolates that have been recovered from the field (19,21; J. C. Correll, personal communication). This study demonstrates that the Pi-ta gene is one component of the resistance in both 'Katy' and 'Drew'. It is of interest to characterize the AVRPita alleles in the virulent field isolates that have gained the ability to infect 'Katy' and 'Drew'. Previous RNA blot analysis (3) indicates that there were no differences in transcript size or abundance produced by the resistance Pi-ta gene and the japonica pi-ta gene. A single amino acid difference between the Pi-ta and pi-ta proteins apparently differentiates their functions. Research is underway to determine how this amino acid difference accounts for the difference between resistance and susceptibility to AVR-Pita-containing strains of the rice blast fungus. The pi-ta protein was impaired in its ability to interact with putative mature AVR-Pita protease in the yeast two-hybrid system and in vitro binding studies (12) . Thus, we hypothesize that the inability of pi-ta to interact with AVR-Pita may explain why plants expressing pi-ta are not resistant to M. grisea strains expressing AVR-Pita. Understanding the exact molecular nature of the recognition event between Pi-ta and AVR-Pita may lead to strategies to broaden Pi-ta recognition specificity and to more reliably trigger resistance in the presence of the rice blast pathogen.
